Abstract: Ribosomal intergenic spacers (IGSs) of Odontophrynus americanus 2n and 4n were cloned, restriction mapped, and partially sequenced. Three distinct regions, namely α, β, and δ, were identified in the IGSs. The α and β regions flanked the 28S and 18S rRNA genes, respectively, conserving an identical restriction pattern at each ploidy level. The δ region, located between α and β, was highly variable in size and restriction pattern, enclosing different BamHI subrepeats (B-SR), 87-to 530-bp-long. Sequence analysis showed that B-SRs were composed mainly of different arrangements of similar blocks of sequences. Another family of repetitive sequences was found in the δ region, clustered inside large BamHI fragments. These subrepeats are 189-bp-long and, although very similar in diploid and tetraploid IGSs, show a pattern of concerted evolution. A hypothetical functional role for the 189-bp repeats is discussed in view of their predicted secondary structure and presence of potential E2 binding sites inside diploid subrepeats. Although the same structural elements were present both in diploid and tetraploid IGSs, the higher level of repeatability of tetraploid IGSs suggests that common ancestor sequences have undergone several rounds of amplification after O. americanus polyploidy. Le séquençage des B-SR a montré que ces éléments étaient composés principalement de diffé-rents agencements de blocs de séquence semblables. Une autre famille de séquences répétées a été identifiée dans la région δ et s'est avérée groupée au sein de grands fragments BamHI. Ces sous-unités répétées mesurent 189 pb et, bien que très semblables aux deux niveaux de ploïdie, montraient des signes d'une évolution concertée. Un rôle hypothé-tique pour ces répétitions de 189 pb est discuté en fonction de leur structure secondaire prédite et de la présence de sites de liaison E2 potentiels au sein des sous-unités répétées chez les diploïdes. Bien que les mêmes composantes structurales soient présentes chez les IGS diploïdes et tétraploïdes, la plus grande répétition des IGS tétraploïde suggère qu'une séquence ancestrale commune aurait subi plusieurs rondes d'amplification après la polyploïdisation chez l'Odontophyrynus americanus.
Introduction
Eukaryotic organisms have experienced many polyploidy events during evolution. Although these phenomena occur frequently in plants, they are uncommon among animals. Only approximately 50 polyploid species have been found in 14 families of teleostean fishes, amphibians, and reptiles (Kobel and Du Pasquier 1986) . Polyploidization is thought to have been largely restrained in vertebrates, like mammals and birds, owing to the disruption in dosage compensation systems that assure the balance between the X chromosome and autosomal genes products (Orr 1990 ). Nevertheless, in organisms such as fish and amphibians still maintaining undifferentiated sex chromosomes, polyploidy has been an important device for evolution and diversification (Ohno 1970) .
The diploid (2n = 22) and tetraploid (4n = 44) cryptic species Odontophyrynus americanus (Leptodactylidae) has been studied as a suitable model to compare the genetic changes on gene regulation and molecular evolution that follow polyploidy. These frogs are mainly represented by tetraploid populations, widely distributed in the southern region of South America (Beçak et al. 1966; Ruiz et al. 1981) . Diploid populations are also found in several localities of the same area, but sympatric 2n and 4n populations are unusual (Ruiz et al. 1980; Almeida et al. 1986 ). The phenotypically identical diploid and tetraploid animals, exhibiting similar 2n or 4n karyotypes, and the presence of quadrivalents in the tetraploid's meiosis indicated a recent process of autotetraploidy .
Comparative measurements of the DNA content and nuclear volume showed the expected 2:1 ratio between 2n and 4n cells. However, studies on enzyme activities (Schwantes et al. 1977) , protein content (Beçak and Pueyo 1970) , and total RNA synthesis (Beçak and Goissis 1971) revealed almost the same level of gene expression in Odontophrynus 2n and 4n. The reduction of gene activity in tetraploids was not explained by selective loss of ribosomal RNA genes because the number of rDNA cistrons was proportional to the ploidy level (Schmidtke et al. 1976) . These data suggested a particular control mechanism in the tetraploids, responsible for the maintenance of gene activity at diploid levels. A similar example of reduced gene expression was found in tetraploid Cyprinid fishes (Leipoldt and Engel 1983) . The molecular basis for the modulation of gene activity in polyploid organisms is still unclear.
Analysis of the ribosomal cistrons of both Odontophrynus species by genomic Southern blotting (Cortadas and Ruiz 1988) , revealed conserved restriction patterns, besides variable sites, particularly within the intergenic spacer region (IGS). The extensive divergence of IGS sequences in several organisms has been correlated with the lack of functional compatibility of the RNA polymerase I transcriptional apparatus from different species (Grummt 1999) .
In spite of the rapid evolution of IGS sequences, an intrinsic conservation in type and arrangement of regulatory elements within the IGS is apparent (Reeder 1992) . It has been widely demonstrated that the IGS region encloses transcription regulatory elements (enhancers, spacer promoters and terminators), usually identified as small subrepeats (Jacob 1995) . In the frog Xenopus, there are 6-12 copies of a 60-81 bp repeat in the IGS that act as enhancers on the gene promoter (Boseley et al. 1979; Reeder 1984) . Similarly, repetitive elements were found in the diploid and tetraploid O. americanus IGSs. Features like size, repetitiveness, and conformation of the predicted secondary structures of these elements are shared with Xenopus enhancers, suggesting that they may function as regulators of rDNA transcription (Alvares et al. 1998) .
The purpose of this study was to compare the structural organization of ribosomal IGSs in O. americanus 2n and 4n by the analysis of restriction patterns and partial sequencing. The results showed length heterogeneity among these IGSs, otherwise composed of similar elements. The molecular evolution and hypothetical regulatory function of the different kinds of subrepeats present inside the ribosomal IGSs are discussed.
Materials and methods

DNA isolation and IGS cloning
Odontophyrynus americanus 2n and 4n animals were collected in Botucatu and São Roque, respectively, in São Paulo State, Brazil. Genomic DNA was isolated as previously described (Cortadas and Ruiz 1988) . EcoRI fragments were cloned into EMBL4 (DNA 2n ) and λgtWESλC (DNA 4n ) phages. Recombinant phages were packaged (Gigapack TM Gold Kit, Genofit; Stratagene, La Jolla, Calif.) and plated onto Eschericia coli LE392. The phage library was screened for rDNA with plasmid HM456, containing the complete IGS, most of the 18S, and 560 bp of the 28S 5′ end sequences from Xenopus laevis rDNA (Meunier-Rotival et al. 1979) . The subclone pOA 3′28S , containing 560 bp of the O. americanus 28S sequence (3′ end), was used to probe a second tetraploid phage library. Probes were labelled with [α-32 P]dATP by the nick translation method (Rigby et al. 1977) . DNA isolated from phage clones was digested with EcoRI and subcloned into pGEM4, using the DNA Ligation Kit (Amersham Pharmacia Biotech Inc., Piscataway, N.J.).
Many different BamHI subrepeats (B-SRs) and two 1.5-kb BamHI fragments obtained from both diploid and tetraploid IGSs were subcloned after being mapped. To sequence the 1.5-kb fragments, further subcloning experiments were performed using two internal SacI restriction sites in the diploid fragment and by exonuclease III -nuclease S1 digestion (Promega, Madison, Wis.) for the tetraploid fragment.
Restriction mapping and DNA sequencing rDNA clones were mapped by single and double digestions using BamHI, SacI, HindIII, DraI, XbaI, SalI, and PvuII restriction endonucleases, according to the manufacturer's instructions (Amersham Pharmacia Biotech Inc.; Life Technologies Inc., Rockville, Md.). Restriction fragments were separated by electrophoresis in 0.8-1.2% agarose or 5% acrylamide gels and using Tris-borate-EDTA (TBE) buffer. The digested DNA was transferred (Southern 1980) onto Hybond-N nylon membrane (Amersham Pharmacia) and hybridized to the [ 32 P]-labeled probes HM456 and pOA 3′28S , and subcloned IGS fragments. Hybridizations were performed at 42°C in 50% formamide, 5× SSC, 50 mM phosphate buffer (pH 6.8), 0.1% SDS, and 1× Denhardt solution. After overnight hybridizations, membranes were washed twice in 2× SSPE (20 mM NaH 2 PO 4 (pH6.8), 2 mM EDTA, 300 mM NaCl) -0.1% SDS at room temperature for 15 min, and twice in 0.1× SSPE -0.1% SDS at 50°C for 30 min. The size of the 2n and 4n IGSs was evaluated by XbaI genomic DNA digestion, followed by hybridizations with a HindIII-EcoRI probe containing B-SRs. Densitometric measurements at 600 nm were carried out using pictures of ethidium-bromide-stained gels to determine the number of B-SRs within the IGS length variants. The resulting peaks were integrated by Origin Version 1.28 software. Subcloned IGS fragments were sequenced using the Sequenase kit (United States Biochemical Corp., Cleveland, Ohio.) with the LKB Macrophor Sequencer and (or) Big-Dye reagent kit (Roche Molecular Systems Inc., Branchburg, N.J.) with the ABI 377 Sequencer. Odontophrynus americanus IGS sequences were aligned using Clustal W (Thompson et al. 1994) and Clustal X (Thompson et al. 1997 ) software programs. Minor adjustments were made manually to minimize gaps and optimize the alignment of apparently homologous regions. Secondary structure predictions of the 189-bp repeats were done by the MFOLD program (Zuker 1989) .
Results
Cloning and characterization of IGS variants
In a previous report, the overall structure of rDNA units of different O. americanus populations was determined by Southern blot experiments (Cortadas and Ruiz 1988) . To investigate the IGS organization in these amphibians, a diploid and a tetraploid O. americanus specimen bearing the most frequent types of IGSs from São Paulo populations were selected to perform the cloning experiments.
Two types of rDNA clones (see Material and methods) were isolated from O. americanus 2n ( Table 1 ). The cloned inserts included the 3′ end of the 28S gene, the IGS, and the almost complete 18S gene. The pOAD 2 insert corresponded to the most frequent type of IGS, whereas pOAD 1 was a minor length variant (16-and 9.5-kb genomic EcoRI fragments, respectively) found in the genomic rDNA units of diploid individuals from São Paulo (Cortadas and Ruiz 1988) . After cloning, the main fragment was more precisely estimated to be 13-kb-long (L.E. Alvares, C. Polanco, O. Brison, L.L. Coutinho, and I.R.G. Ruiz, unpublished data).
The rDNA units of O. americanus 4n have at least one EcoRI site within the IGS, as revealed by Southern blot analysis, and it was not possible to obtain clones carrying the complete IGS. Probes HM456 and pOA 3′28S detecting the 18S and 28S genes, respectively, were used to identify the EcoRI fragments containing the coding regions and adjacent IGS sequences that were cloned. The size and composition of cloned inserts are shown in Table 1 . To reconstruct the whole tetraploid IGSs, a HindIII-EcoRI fragment containing IGS internal subrepeats was used to probe XbaI-digested genomic DNA from the same individual used to obtain the examined clones. A single band of about 20.5 kb was identified in 0.6% agarose gels run for 14-16 h, in three independent experiments. The above probe was also used to analyze EcoRI, HindIII, and HindIII-EcoRI digests (data not shown). These Southern data confirmed the size of the cloned IGS fragments, suggesting the presence of minor repeats in the rDNA cluster that would contain extra internal EcoRI fragments. These data indicate that there was a conservation of total size of tetraploid IGSs, although they are polymorphic with regards to the disposition of internal EcoRI restriction sites. If the 18S, ITS1, 5.8S, ITS2, and 28S transcribed regions (total 6.1 kb; L.E. Alvares, C. Polanco, O. Brison, L.L. Coutinho, and I.R.G. Ruiz, unpublished data) are discounted, the 4n IGS should be around 14.0 kb in length.
The restriction maps of the diploid and tetraploid IGS variants evidenced at least three distinct regions (Fig. 1) . As observed in other species, the regions adjacent to the 28S and 18S genes, α and β, shared similar size and restriction patterns. The α region is 1.4 and 1.1 kb, and the β region is 2.3 and 2.6 kb in diploid and tetraploid IGSs, respectively. In contrast, the δ region, located in the middle of the IGSs, varies in length and content of repetitive elements, most of them limited by BamHI sites (Figs. 1 and 2 ). Sequence analysis of the large 1.5-kb BamHI fragments from pOAD 2 and pOAT 3′ , and the DraII restriction pattern of both the large 2.1-kb BamHI fragment from pOAD 2 and the large 3.3-kb BamHI fragment from pOAT 4′ IGS elements, revealed the existence of internal subrepeats. These large BamHI fragments are present in the δ region of some IGS variants and revealed an additional level of repetitiveness of O. americanus IGSs.
Repetitive patterns within the δ region: family of BamHI subrepeats (B-SRs)
Several kinds of B-SRs were identified by differential migration through acrylamide gels (Fig. 2) , and their repetitiveness was evaluated by densitometric analysis of gel pictures. The following B-SRs were distinguished in O. americanus IGSs: B-SRs present only in diploid IGSs (118, 200, 397 bp), B-SRs present only in tetraploid IGSs (263 and 278 bp, in addition to apparently single copies of 400, 420, 460, and 800 bp), and B-SRs present both in diploid and tetraploid IGSs (87, 170, 230, 530 bp) . The most repetitive subrepeat, B-SR87 (87-bp-long), is represented 10 times in diploid IGSs and up to 11 times in the 5′ region of tetraploid IGSs. B-SR170 and B-SR230 seem to be found as single copies in the diploid clones and are reiterated up to five times in tetraploid ones, which is in agreement with the higher repetitive structure of tetraploid IGSs. Two to three copies of B-SR530 occur in the 2n and 4n IGSs (Fig. 1) .
Most of the above B-SRs have been sequenced, revealing that the δ region of O. americanus IGSs has a complex structure resulting from multiple combinations of related sequences where conserved stretches were joined to compose several B-SRs (Fig. 3) . Two main sequences have been preserved throughout evolution being approximately 60-and 27-bp-long. Together these two sequences compose the basic structure of the B-SR87 (Fig. 3 and Fig. 4 ) that was previously described as a potential RNA polymerase I enhancer (Alvares et al. 1998 ). This modular structure, in spite of being much more complex in O. americanus IGSs, resembles the one observed in Xenopus laevis, where repetitive elements (actually enhancers) are composed of an alternating arrangement of 60 bp and 60 + 21 bp (81 bp) sequence blocks (Boseley et al. 1979) . The sequence analysis of several B-SR87 and B-SR170 (seven diploid B-SR87, two tetraploid B-SR87, a diploid B-SR170, and three tetraploid B-SR170) revealed that, in fact, they are variations of the same repetitive element, with 2′ , pOAT 3′ , pOAT 4′ ). Two conserved EcoRI sites (E), located in the 28S and 18S coding regions were used to clone the diploid and tetraploid IGSs. To clone the tetraploid IGSs an internal EcoRI site was also used. The α and β regions (heavy line) and the δ region (dotted line), containing internal IGS subrepeats, are indicated. BamHI (B) restriction sites were not represented on the internal δ regions because of their proximity and highly repetitive nature. The number of BamHI subrepeats (B-SRs) distributed in the δ regions is indicated bellow each clone and the size of large BamHI fragments (thin line) is indicated above. Other restriction enzymes used are: DraI (D), HindIII (H), PvuII (Pv), SacI (S), SalI (Sl).
B-SR170 being composed of two tandem copies of the B-SR87 (Fig. 3) . Some base changes led to the disruption of the internal BamHI site that separates the two tandem copies of B-SR87, giving rise to the large B-SR170 (Fig. 4) . The diploid B-SR170, which is present as a single copy on the pOAD 2 clone, is considerably divergent, homologous only with the first 60 bp of the B-SR87. This finding suggests that mutation in the BamHI recognition sequence of an ancestral B-SR87 after the polyploidization, in addition to other base changes that were followed by duplication and subsequent amplification, has generated the tetraploid B-SR170.
The same related motifs are located in the B-SR230, which is derived from the insertion of 143 bp between the 60-and 27-bp blocks of B-SR87 (Fig. 3) . The sequence analysis of a diploid B-SR230 and six tetraploid B-SR230 indicated that they are almost identical (Fig. 4) and that such an insertion has occurred before the generation of the tetraploid species. The B-SR230 also shares common motifs with the 3′ end of B-SR397 and B-SR530. The tetraploid B-SR278 can be considered as a variant of B-SR230, originating from an insertion of 56 bp at the 5′ end of a B-SR230 (Fig. 3) .
B-SR387 has a complex structure and is composed of a complete B-SR230, followed by a tract homologous to the 5′ end of B-SR530 and a slightly modified version of the common 27-bp block (Figs. 3 and 4) . With regard to B-SR530, it seems to have arisen by the insertion of 273 bp in the ancestral B-SR230 element (Fig. 3 and Fig. 5 ). This observation demonstrates that B-SR530 originated from B-SR230, which in turn originated from B-SR87. It means that these B-SRs evolved recently because the subrepeats are still highly homologous. In addition, as both species share the same related B-SRs, it could be inferred that these three kinds of subrepeats were present in the diploid ancestor before the rising of the tetraploid species. The presence of inverted and complementary sequences in the B-SR230, which were maintained in B-SR530 (Fig. 5) , are likely to be involved in recombination events improving the chance of rearrangements that lead to the formation and subsequent evolution of new repetitive elements.
The sequence analysis revealed that the 60-and 27-bp tracts are present in almost all B-SRs, except for B-SR263, exclusively found in tetraploids IGSs. B-SR263 is composed of three internal subrepeats roughly 85-bp-long that seem not to be related to the other B-SRs analysed (Fig. 3) .
Family of 189-bp subrepeats clustered on the large BamHI fragments
In addition to B-SRs, another family of repetitive sequences was found in the δ region of O. americanus IGSs. These subrepeats are clustered in large BamHI fragments whose sizes ranged from 1.5 to 2.1 kb and from 1.5 to 3.3 kb in diploid and tetraploid IGSs, respectively (Fig. 1) .
The internal organization of the diploid and tetraploid 1.5-kb BamHI fragments was deduced from sequence analysis (Fig. 6) . It was observed that the 5′ end of the diploid sequence is highly homologous to the diploid B-SR170. The common 60-bp tract is also present at the 5′ end and there is a high level of homology between diploid and tetraploid sequences within approximately the first 100 bases, followed by some different sequences up to base 220 and 236, respectively (Fig. 6A) . Going forward there is a central region where six 189-bp internal subrepeats are arranged in a headto-tail array. Some of these subrepeats are imperfect, showing deleted or inserted regions (Fig. 6C ). There are common diferences between diploid and tetraploid 189-bp subrepeats that reveal a pattern of concerted evolution where different variants have been homogenized in diploid and tetraploid species. The homology between the last subrepeat (r6) of both species at the 3′ end is expected if the subrepeat homogenization was generated by unequal crossing over.
The 180 bp at the 3′ end of 1.5 kb BamHI fragments is also very similar in diploid and tetraploid IGSs (Fig. 6B) . The presence of a DraII restriction site on each 189-bp repeat made it possible to confirm that the 2.1 and 3.3 kb BamHI fragments are also composed of the same internal subrepeats and are in fact variations of the 1.5-kb BamHI element.
Discussion
The molecular basis of intra-individual rDNA length variation was investigated in O. americanus 2n and 4n by de- tailed structural analysis of the IGS region. All variations were confined to the δ region, which has a polymorphic modular structure consisting of several subrepeats flanked by two conserved domains (α and β regions). B-SR87 repeats were organized similarly to Xenopus enhancer elements composed of 60 + 21 bp blocks of sequences and play an important role in rDNA transcription by RNA polymerase I. More than 85% sequence identity among B-SR87 repeats, and about 36% identity between the consensus repeat and X. laevis 81-bp enhancer sequences has been noted. The B-SR87 elements were suggested to correspond to Odontophrynus enhancers (Alvares et al. 1998) .
Clusters of small repeats were also found within Triturus vulgaris meridionalis IGS, as well as in other non-ribosomal sites. These repeated elements contain presumptive enhancers, in addition to recombination hot spot sequences (De Lucchini et al. 1988 . Numerical alterations of subrepeats within the IGSs have also been found responsible for length variations among rDNA units in some vertebrates (Reeder 1992) , and plants (Cordesse et al. 1993) . In Drosophila IGS, several combinations of small sequences yield subrepeats of different size and junction regions made up of a mixture of two subrepeats (Bowen and Dover 1995; Polanco et al. 2000) .
The large 1.5-kb BamHI fragment, B-SR530, and B-SR230 present 180 bp of homologous residues at their 3′ end, including an 18-bp motif followed by GTCC. The same inverted and complementary motif preceded by GTCC is located at the 5′ end of these BamHI elements in a 50-bp stretch of almost identical residues (Figs. 5 and 6). Although these motifs are not strictly conserved in all compared sequences, this kind of organization resembles that found in transposable elements. It is well know that transposable elements typically have inverted repeats at their termini and Genome Vol. 45, 2002 5 ). Bold letters in A indicate BamHI sites. DraII sites are boxed in C. Differences between 2n and 4n subrepeats are denoted in C by bold italic bases. Homology between diploid and tetraploid r6 subrepeats is represented by underlined bases in C. Note in C the presence of potential E2 binding sites for (i) bovine papilloma virus and (ii) human papillomavirus, boxed and shaded gray, preceded by GC boxes in some diploid 189-bp subrepeats. The diploid and tetraploid 1.5-kb BamHI sequences were deposited in EMBL database under accession numbers AJ306930-AJ306931.
generate direct repeats upon insertion at the target site. This finding suggests that insertion-like elements were involved in the origin and evolution of the IGSs repetitive sequences from O. americanus. Futhermore, it is possible to conclude that the large BamHI fragments of O. americanus IGSs have had their origin linked to the B-SRs, specifically the B-SR230. A small DNA tract was probably inserted in the ancestral B-SR230 present in diploid IGSs. This insertion occurred between the first 50 and the final 180 bp, which should correspond to a point particularly susceptible to recombination. Then, the inserted sequence would have suffered modifications, duplication, and internal amplification, giving rise to the large BamHI fragments of O. americanus.
In O. americanus, the B-SRs surely contributed to IGS length variations, but the major size discrepancy, particularly in diploid IGSs, was because of the high size of the BamHI fragments: 1.5 kb in pOAT 3′ ; 3.3 kb in pOAT 4′ ; and 1.5 and 2.1 kb in pOAD 2 . The clones pOAD 1 and pOAD 2 were nearly identical, except for fragments of 1.5 and 2.1 kb, which were absent in pOAD 1 . Likewise, three clones containing the 3′ region of tetraploid IGSs were similar, except for fragments of 1.5 and 3.3 kb. Probably, these BamHI fragments arose by duplication of ancestral sequences and were already present before polyploidization. The differences between diploid and tetraploid 189-bp subrepeats of these large BamHI fragments reveal a pattern of concerted evolution, with different variants having been homogenized for each ploidy level.
To investigate a possible functional role for the 189-bp subrepeats, a search for potential transcription factors binding-sites was carried out (NSITE Program, Sanger Genomic Center, Cambridge, U.K.). Particularly interesting was the finding that some diploid 189-bp subrepeats contained internal motifs similar to the viral E2 protein-binding site. The sequence homology of such motifs ranged from 75 to 92% with the binding sites of human and bovine papillomavirus (Fig. 6C) . The presence of preceding GC bases resembles the general structure of the long control region (LCR) of such a virus (Li et al. 1989 (Li et al. , 1991 Tan et al. 1992) .
Several chromosomal regions are known to be preferential sites for virus integration, often comprising repetitive sequences like Alu repeats and fragile sites in the human genome (Carmody et al. 1996; Wilke et al. 1996; Bornstein et al. 2000; Kulski and Ward 2000) . Frequently, the primary structures of those regions show direct and inverse repeats that would favor recombination between viral and host genomes, leading to the integration of viral sequences. The integration is also dependent on destabilized and transcriptionally active chromosomal regions (Choo et al. 1996) .
Direct and inverse repeats were observed in most diploid and tetraploid B-SRs, suggesting they may behave like insertion elements, favoring integration of extraneous sequences. At least part of such sequences could have a viral origin, being further duplicated and rearranged. The high sequence similarity observed among the B-SRs strengthens their common origin.
The overall sequence data of IGSs in O. americanus 2n and 4n have led to the conclusion that several IGS repeated sequences have arisen and were fixed before the autopolyploidy event.
